The consolidation and subsequent heat treatment of an inert gas atomized Al-Li-Zr alloy are discussed.
Introduction
Interest in the Aluminium-Lithium family of alloys continues to grow because of the exciting possibilities these alloys offer in areas where specific strength and specific modulus properties are important. The potential strengthening mechanism which is available in these alloys, namely the controlled homogeneous precipitation of the metastable, ordered, coherent A13Li (6') phase is well documented.
The inherent poor fracture toughness properties due to the propensity for localised slip in this system are also familiar as are the'attempts to improve fracture toughness by the use of various alloying additions.
Typically magnesium and copper have been added in order to produce a distribution of A1 CuMg (S) pWase which causes dispersion of slip ana improves resistance to fracture.
In the present investigation the problem of localised slip is attacked by the addition of significant quantities of Zirconium (0.66wt%) a dispersoid forming element which has be n used in aluminium alloys as a graln ref inerl, to promote strengthening9, ' to faci 1 i tate superplastic behaviour3 and as a recrystal 1 isation inhibitor4. In binary A1 -Zr a1 loys the Al Zr dispersoid forms but in the ternary Al-Zr system a composite al[Al f~i~r ) ] ordered phase is reported5 to precipitate at temperatures > 45d°C. The production of the alloy used in this investigation by atomization, a rapid solidification technique, permits the retention of the Zirconium in supersaturated solid solution. This, in turn, provides the opportunity to study the influence of processing conditions on the subsequent precipitation of the Zirconium bearing phase. Post-extrusion heat treatment to facilitate 6' precipitation both homogeneously and on existing Zirconium dispersoids is investigated and the resulting tensile and fracture toughness properties are determined.
Experimental
The powder was manufactured in an up-draught inert gas atomizer6 using argon and a melt temperature of 950°C.
The powder was stored under argon to minimize the particle surface contamination.
It was then cold compacted unidirectionally in a hardened steel, stearic acid lubricated ram and die compaction set giving 75mm diameter compacts of 88% Theoretical Density. The compacts were stored under argon in the presence of silica gel The response was monitored by hardness testing. Tensile test and short rod fracture toughness test specimens were machined from the under-aged, peak-aged and over-aged extrudes.
The atomized powder and the consolidated extrudes were examined by scanning and electron microscopy respectively.
Results and Discussion

The Atomized Powder
The chemical analysis of the powder used in this investigation is given in Table 11 . The morphology of the powder w s essentially spherical as would be expected from Argon atomised powder6 with very small satel 1 i te particles occasionally adhering to the larger particles. This is a fairly common occurrence in atomization caused by collisions between particles in flight before solidification is complete. The powder is fairly fine and the size distribution of the particles is given in Table 111 .
TABLE I11
Response to Heat Treatment
The structure of the as-extruded material is shown in Figures 1 and 2 for extrusion temperatures of 250°C and 400°C respectively.
In both cases a fairly well established subgrain structure, due to dynamic recovery, is apparent. This is typical of the structure f rmed in many extruded, rapidly solidified aluminium powder a1 loys7r8. In the higher temperature extrude there is a considerable amount of fine (0.02pm) precipitate ~resent This precipitate is probably ZrAl which has formed during t h e ' h o t e x t r u s i o n process.
The d i s t r i b u t i o n o f t h e p a r t i c l e s i n p e r i o d i c p a r a l l e l " s t r i n g s " c l o s e l y resembles t h e interphase p r e c i p i t a t i o n o f MZ3C6 a t t h e y / a i n t e r f a c e
which ~o n e~c o m b e~ has reported during the transformation o f chromium s t e e l s .
He reported t h a t these " s t r i n g s " o f p r e c i p i t a t e are o f t e n associated w i t h planar low energy i n t e r f a c e s .
~e s l O has a l s o i n v e s t i g a t e d t h e behaviour o f A13Zr p r e c i p i t a t e s during high temperature deformation and has found t h a t they can be dissolved by moving boundaries i n what he terms s t r a i n induced continuous r e c r y s t a l l i s a t i o n .
C l e a r l y t h e nature o f the formation o f the p r e c i p i t a t e shown i n Figure 2 may be complex and w i l l r e q u i r e d e t a i l e d i n v e s t i g a t i o n .
I n t h e present i n v e s t i g a t i o n considerable amounts o f t h i s p r e c i p i t a t e were found i n t h e extrudes produced a t temperatures o f 400°C and above.
However, t h e r e was no evidence o f t h i s p r e c i p i t a t e i n the lower temperature extrudes.
O f p a r t i c u l a r i n t e r e s t i s t h e apparent absence o f g r a i n boundary p r e c i p i t a t e s o r indeed t h e 6 p r e c i p i t a t e which has been reported t o l e a d t o reduced f r a c t u r e r o p e r t i e s i n these a l l o y s by t h e process o f g r a i n boundary d u c t i l e f r a c t u r e 1 ?
The response t o t h e various heat treatments i n v e s t i g a t e d i s t y p i f i e d f o r t h e 450°C extrude aged a t 190°C i n t h e hardness curves shown i n Figure  3 .
As expected the value o f peak hardness increases s l i g h t l y (from 157 t o 161) as the ageing temperature decreases from 190°C t o 150°C. However, t h e ageing time r e q u i r e d f o r peak hardness increases from 23hours a t 190°C t o 100 hours a t 150°C.
It was t h e r e f o r e decided t o use 190°C as t h e standard ageing temperature i n the i n v e s t i g a t i o n because o f the r a p i d response a t t h i s temperature and because the peak hardness obtained a t 190°C
was o n l y 2-3% l e s s than t h a t obtained a t 150°C. Although t h e peak hardness i s obtained q u i c k l y a t 190°C, no s i g n i f i c a n t overaging occurs before 10 hours.
I t i s a l s o obvious t h a t t h e greatest response i n the 450°C extrude was obtained by ageing the as-extruded m a t e r i a l , w i t h o u t a preceding s o l u t i o n soak treatment.
The ageing curves f o r t h e as-extruded m a t e r i a l f o r a l l s i x e x t r u s i o n temperatures are shown i n Figure 4 .
C l e a r l y the t h r e e higher temperature extrudes are s i g n i f i c a n t l y harder. The higher e x t r u s i o n temperature specimens do have s i g n i f i c a n t ? y higher as-extruded hardness.
Any d i f f e r e n c e s i n hardness due t o subgrain s i z e and p e r f e c t i o n v a r i a t i o n s caused by d i f f e r e n t e x t r u s i o n temperatures would tend towards increasing hardness w i t h decreasing e x t r u s i o n temperature, the reverse o f t h e t r e n d shown i n Figure 4 .
Therefore t h e higher as-extruded hardnesses o f t h e higher temperature extrudes i s most probably due t o the presence o f t h e A13Zr p r e c i p i t a t e mentioned e a r l i e r .
The e f f e c t o f i n t r o d u c i n g a 54O0C/*-hour s o l u t i o n soak before ageing a t 190°C i s shown i n Figure 5 .
A
h a t the s o l u t i o n soak has n o t provided any more L i t h i u m f o r p o t e n t i a l p r e c i p i t a t i o n as 6 ' . This i s n o t s u r p r i s i n g as t h e r a p i d s o l i d i f i c a t i o n process ensured r e t e n t i o n o f L i t h i u m and Zirconium i n super-saturated s c l i d s o l u t i o n and t h e r e was no evidence o f p r e c i p i t a t i o n o f any L i t h i u m bearing p r e c i p i t a t e s during even the low temperature extrusions (when t h i s a l l o y composition i s w i t h i n t h e 2 phase a + 6 f i e l d ) .
The increase i n hardness i n t h e low temperature extrudes caused by the 540°C soak p r i o r t o ageing (i.e. the s o l u t i o n soaked hardness i s 10-16 VPN greater than t h e as-extruded hardness) can be explained by t h e p r e c i p i t a t i o n o f the A13Zr phase. Figure 6 i s an e l e c t r o n micrograph o f t h e 350°C extrude which has been subjected t o the 540°C s o l u t i o n soak and then water quenched.
There i s considerable evidence o f discontinuous p r e c i p i t a t i o n o f AlgZr as described by Gayle and vandersande5 who also investigated microstructural evolution in a rapidly solidified Al-Li-Zr alloy. The higher temperature extrudes exhibit a slight decrease in hardness ( = 7-8 VPN) on s o l u t i i~ soaking and this can be ascribed to static recovery processes.
In thest higher temperature extrudes the AlgZr whase is still present in the solution soaked and aged condition in the form of the periodic parallel "strings" previously mentioned (Figure 7a -450°C extrude) .
In general the 6' precipitates nucleated both homogeneous1 y and also on existing A13Zr particles during ageing of this alloy. Figure 7b is Here the "composite" phase is present in both the discontinous precipitate form and also as discrete spherical particles.
Part of this investigation involves optimization of the heat treatment for this Al-Li-Zr alloy and so heat treatments specifically aimed at precipitating the Zr are also being examined.
Preliminary results are shown in Figure 9 which depicts the 190°C ageing behaviour of extrudes subjected to a 420°C/1 hr heat treatment.
Clearly the hardness of the aged specimens has been reduced when compared to Figure 5 . This is probably due to precipitation of equilibrium 6 (Al-Li) phase during the 420°C treatment although evidence has not yet been obtained.
No additional precipitation of Zr was detected after this 1 hour soak and longer times are being investigated.
In conclusion, the higher temperature extrudes in the T5 condition exhibit hardnesses remarkably similar to those of the lower temperature extrudes in the T6 condition, Figure 10 .
Mechanical ropert ties
In order to investigate the mechanical properties under-aged, over-age! (both to 80% of the peak) and peak-aged specimens were prepared in the "T5 condition for the 500, 450 and 400 OC extrudes and in the "T6" condition for the 350, 300 and 250 OC extrudes.
Ultimate tensile strength and yield strength data were obtained and Figure 11 depicts the yield strength as a function of ageing condition. Both UTS and YS vary typically from 520-560 MPa for the peak-aged condition.
The higher temperature extrudes in the T5 condition are typically 20 MPa weaker than the lower temperature extrudes in the T 6 condition.
Gayle and vandersande12 achieved peak-aged strengths of 500 MPa (UTS) and 450 MPa (YS) for an A1-2.34%Li -1.07%Zr atomized alloy. The achievement of peak-aged strength in 24 hours ageing at 190°C in the alloy presently being investigated can be compared with the time to peak of 1 hour for the Gayle and VanderSande alloy. This acceleration of the ageing behaviour may be due to the greater amount of Zirconium which may accelerate nucleation.
The greater strength achieved in the present alloy may be attributed to a greater amount of homogeneous precipitation of 6' 2ue to the increased Lithium content and the reduced Zirconium content.
The % elongation and short rod fracture toughness values are given in Figures 12 and 13 respectively. Unfortunately, the material exhibits relatively poor ductility in the heat treated conditions with. peak-aged elongation values of = 5% compared to = 15% for the as-extruded material. The under ?n@ over-aged specimens show h a r d l y any improvement i n t r a c t u r e toughness i n general. I t i s however worth n o t i n g t h a t toughness values o f about 10 MPa Jm have been achieved f o r t h e 500°C extrude i n t h e underaged and peak-aged c o n d i t i o n i n d i c a t i n g t h a t o p t i m i s a t i o n o f processing conditions and heat treatment may y i e l d acceptable f r a c t u r e p r o p e r t i e s .
Concl usions
An A1-2.5XLi-0.6%Zr i n e r t gas atomized a l l o y has been s u c c e s s f u l l y f a b r i c a t e d by h o t extrusion.
It was found t h a t extrudes produced a t temperatures o f > 400°C e x h i b i t e d t h e i r maximum mechanical s t r e n g t h i n t h e T5 c o n d i t i o n whereas extrudes produced a t lower temperatures were strongest i n the T6 condition. This dependence on extrusion temperature i s thought t o be due t o p r e c i p i t a t i o n o f a Zirconium bearing phase during e x t r u s i o n a t t h e higher temperatures.
For lower e x t r u s i o n temperatures a subsequent h i g h temperature soak i s required t o p r e c i p i t a t e t h i s phase b u t we should r e c a l l t h a t any p r e c i p i t a t e formed concomitant w i t h s t r a i n i s l i k e l y t o e x h i b i t a f i n e r morphology.
On ageing this a l l o y a t 190°C peak hardness i s obtained i n o n l y 2$ hours.
The 6 ' phase p r e c i p i t a t e s both homogeneously and a l s o on e x i s t i n g A13Zr dispersoids t o give the composite [A13(LiZr)] a ' phase. The e f f e c t o f e x t r u s i o n temperature i s once again evident i n t h a t the higher e x t r u s i o n temperatures g i v e somewhat b e t t e r d u c t i l i t y and f r a c t u r e toughness. Ageing Time (hr) 
